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A technique of Raman compensation for a two-channel soliton-based fiber communication system is introduced.
By fixing the wavelength spacing between two channels, one can calculate the pumping wavelength and intensity in
such a way that balance between loss and gain is reached for each channel. In this computation the Raman
conversion between two channels plays an important role in simultaneous compensation for both channels.
Soliton transmission has been proposed to achieve
high-bit-rate fiber communication systems.1 Distor-
tionless short pulses can be propagated along the fiber
because of the balance between the effects of disper-
sion and of self-phase modulation. In the presence of
fiber loss, however, the pulse intensity decays, result-
ing in weakened self-phase modulation effects and
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therefore in destruction of the soliton. To solve this
problem, loss-compensation techniques that use stim-
ulated Raman scattering have been introduced.2' 3 In
such a technique cw pump waves are injected periodi-
cally into the fiber so that the decaying signal pulses
are amplified during propagation along the fiber.
Stable transmission of short solitons over 1000 km of
fiber can be obtained. 4 However, only single-channel
transmission was studied extensively. Simultaneous
Raman compensation for multiple channels must be
completely understood if the wavelength-multiplex-
ing technique is to be used. In this Letter we investi-
gate the Raman compensation in a two-channel sys-
tem in which Raman conversion between two channels
is important. Although the technique of Raman com-
pensation for multiple channels was briefly discussed
in some earlier publications,3 4 our research in this
Letter provides, for the first time to our knowledge,
clear choices of various pumping parameters, such as
the pump intensity and pump wavelength, for simul-
taneous compensation for both channels. In this re-
search a polarization-preserving fiber is assumed to be
used.
The basic idea of compensation for two-channel so-
litons follows that for compensating for one-channel
systems introduced by Hasegawa 2 and used by Mol-
lenauer et al. 3 Nevertheless, in the case of two chan-
nels, the Raman conversion between two channels
must be taken into account. Let qm represent the
normalized complex pulse envelope for channel m (m
= 1, 2). We assume that the central frequency of qi,
wol, is higher than that of q2, (002 . When the central-
frequency separation between two channels is much
larger than the bandwidth of the signals, the coupled
equations governing wave propagation can be written
as
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Here K1 = 1 and K2 = k02/kol, where khm = a 2k/dW2L,0m,
m = 1, 2. Note that the difference between '1 and '2
represents that of group velocities between two chan-
nels and leads to the pulse walk-off. The self-phase
and cross-phase modulations are represented, respec-
tively, by the terms jxmqlml2 and 2jxmqmlqn12, n #d M,
where xm is a constant close to unity. Because of the
difference of central wavelengths between two chan-
nels, xl is slightly different from x2 . Also, rm (m = 1,
2) denotes the linear losses in the fiber, aRm represents
the coefficients of Raman conversion between two
channels, and am stands for Raman gain coefficients
from the external pump intensity Ip. In obtaining Eq.
(1) we used variables transformation for the normal-
ized distance A, time T, and amplitude qm, m = 1, 2,
similar to those in Ref. 2. At the wavelength 1.5 Acm, r
= 1, -r = 1, and q = 1 correspond to a 15-km length, a
19-psec time period, and a 7.2 X 105 V/m electric field
strength, respectively.
From the right-hand side of Eq. (1) it can be seen
that the pump power to channel 1 is used for compen-
sating not only for the linear loss but also for the
nonlinear loss due to Raman conversion. In this
sense, the pulses in channel 2 have two contributions
to compensation for the linear loss: one from the
external pump wave and the other from channel 1 that
is due to Raman conversion. On the other hand, the
pump intensity will decay along the fiber because of
the linear loss and depletion by pumping channels 1
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and 2. We have the following equation for the pump
intensity Ip (Ref. 2):
= rPIp - oa1 10I, - a2I20'p,
ap
(2)
where rp is the loss rate at the wavelength of the
pumping wave. Also, Imo is the average soliton inten-
sity of channel m, given by
IO = JT rqmXj2dr,
30
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with 2T representing a bit period. Note that in writ-
ing Eq. (3) we have assumed that a soliton exists in
every bit. This is naturally not true in a digital com-
munication system. We believe that a more sophisti-
cated pumping scheme will result from future studies
based on our results in this Letter. The solution for
Eq. (2) can be obtained easily:
Ip = 'po exp(-GpP), (4)
with
GP = rp + o&!110 + a2 I20, (5)
where 1p0 is the input pump intensity. If we use both
downstream and upstream pump waves, the integrat-
ed pump gain over an amplification period A0 for the
pulse intensity in channel m is
gm = PG [1 -exp(-GPwG.o) (6)
Therefore simultaneous compensation for both chan-
nels can be achieved if the following equation is satis-
fied:
21pOam [1 - exp(-GPW1)] = [m - (-1)m aomlnR0l0,
m, n = 1, 2, m 5d n. (7)
Note that in obtaining the second term on the right-
hand side of Eq. (7) we have taken the effect of walk-
off between two channels into account.5 It has been
shown that the Raman conversion per unit length is
affected by the wavelength separation between two
channels only through the difference in the Raman
coefficients ajR, and aR2 but not through the walk-off
effect. This point will be discussed in detail in anoth-
er publication.
Equation (7) is to be solved for several required
pump parameters, such as the pump intensity Ipo,
Raman coefficients ael, a2, aRp, and aR2, and amplifica-
tion period A0. Note that the Raman coefficients de-
pend on the wavelength difference between the pump
and Stokes waves. In what follows we assume that the
central wavelengths of those two channels are given,
and we intend to evaluate the aforementioned param-
eters for simultaneous compensation for both chan-
nels. To this end, Eq. (7) produces
l(,2 - aR2IlO) = a2(rP + aRlI20)- (8)
The dependence of the Raman gain coefficient on the
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Fig. 1. Raman gain coefficient of a silica-core fiber. The
peak value is ap = 1.86 X 10-11 cm/W at 440 cm.- for the
frequency shift when the pump wavelength is X, = 0.532 /im.
The Raman gain coefficient varies with the pump as 1/Xp.
The solid curve represents experimental data from Ref. 6,
and the dashed curve is an approximation for our analysis.
frequency difference between two waves is shown by
the solid curve in Fig. 1.6 This curve can be used for
solving Eq. (8). However, to simplify the computa-
tion an approximate curve, shown as the dashed curve
in Fig. 1, is used. In this approximate curve, a linear
function is used on the left-hand side to a peak value at
440 cm-'; and on the right, to the peak value, an
exponential decay given by exp[-b(A - 440)] is as-
sumed, with b equal to 5 X 10-3 cm. By using this
dashed curve and assuming that AiP = (1/Xp - 1/X1)
and A12 = (1/X 1 - 1/X2 ), with Xp, Xi, and X2 the wave-
lengths of the pump wave and channels 1 and 2, re-
spectively, we can reduce Eq. (8) to
4P4 (r2 - aR2Ilo)
= exp[-b(A 1p + A12 - 440)](r 1 + aRlI20). (9)
Note that Apl and A12 in Eq. (9) are in inverse centime-
ters. Equation (9) can be solved numerically for Ai1.
Once AiP is calculated, a, and a2 can be evaluated.
Then the required input pump intensity 'p0 can be
evaluated through Eq. (7). Note that the amplifica-
tion period B0 is usually left to the designer's choice.
To show that the analysis above is valid, we offer the
following numerical simulation. Equation (1) is
solved by using the beam-propagation method.7 The
channel wavelengths are set at 1.5 and 1.51 gim. A bit
rate of 2.9 GHz, with a FWHM of a one-soliton pulse
occupying -10% of the bit period, is assumed for both
channels. In this situation the interaction between
neighboring solitons in either channel is negligibly
weak. Since the two-channel wavelengths are close,
we choose the same loss rate of 0.18 dB/km. Then,
from Fig. 1, we read atRlit aR2 = 0.05. In the next step,
the pump wavelength can be evaluated from Eq. (9) to
give 1.41 uin, and hence al and a2 can be read to give al
= 0.491 and a2 = 0.483. We set the amplification
period equal to 7r/2, corresponding to 23.6 km in real
136 OPTICS LETTERS / Vol. 14, No. 2 / January 15,1989
1.1
~',
Li
N
-j
0
z
0.90 I I
DISTANCE t.
Fig. 2. Evolution of the normalized energy of the pulses in
channels 1 (dashed) and 2 (solid). At the end of an amplifi-
cation period, i.e., a normalized distance of 7r/2, the energy is
recovered.
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tion of a pulse in channel 1; solid curves describe that
of a pulse in channel 2. We can see that solitons in
both channels are substantially recovered at the end of
an amplification period. Only a 0.3% deviation from
the input peak intensity is found for both channels.
We have also obtained the evolution of the pulse area,
indicating complete compensation, except for only
slight deviations, for both channels.
In conclusion, we have shown a simultaneous com-
pensation scheme for a two-channel wavelength-mul-
tiplexing, soliton-based optical fiber communication
system. Numerical simulations have demonstrated
stable propagation of solitons in both channels over an
amplification period. It is hoped that compensation
for systems with more than two channels can be de-
signed based on the concept and results in this Letter.
As we have shown above, in one amplification period
some slight distortions of solitons are observed. In
our future research this compensation scheme for
many amplification periods will be studied. Larger
distortions are expected. Note that in our numerical
case the cross-phase modulation is negligibly small
over one amplification period. Since this effect is a
cumulative one, it may play an important role when
many amplification periods are required. The signifi-
cance of Raman conversion can be seen from the dif-
ference between the values of a, and a2. This differ-
ence, although small, is important in this compensa-
tion scheme. Meanwhile, it is shown that in an
amplification period the total Raman conversion be-
tween two channels is affected by the wavelength sep-
aration only through the variations of Raman coeffi-
cient. Also, Brillouin scattering must be included
when the pump intensity is strong.8 Finally, we must
mention that the approximation in Fig. 1 may be
rough. For a more precise result, a more accurate
curve must be used.
This research was supported by grant EET-8807383
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Fig. 3. Same as Fig. 2 except that the
normalized peak intensity is shown.
evolution of the
distance. A loss rate of 0.5 dB/km is assumed for the
pump wave. Therefore the pump intensity Ipo can be
calculated by using Eq. (7). The result is Ipo = 1.963.
With the calculated parameter values '1 = -77.9, 62 =
77.9, x1 = 1.003, and x2 = 0.997, we are ready to solve
the coupled Eq. (1) numerically. In Figs. 2 and 3 we
show the evolutions of pulse energy and peak intensi-
ty, both normalized by the individual initial values.
In these figures the dashed curves describe the evolu-
References
1. A. Hasegawa, Proc. IEEE 69, 1145 (1981).
2. A. Hasegawa, Appl. Opt. 23, 3302 (1984).
3. L. Mollenauer, J. Gordon, and M. Islam, IEEE J. Quan-
tum Electron. QE-22,157 (1986).
4. L. Mollenauer and K. Smith, Opt. Lett. 13,675 (1988).
5. D. Cotter and A. Hill, Electron. Lett. 20, 185 (1984).
6. R. Stolen, C. Lee, and R. Jain, J. Opt. Soc. Am. B 1, 652
(1984).
7. D. Yevick and B. Hermansson, Opt. Commun. 47, 101
(1983).
8. G. Koepf, D. Kalen, and K. Greene, Electron. Lett. 18,942
(1982).
